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Abstract
Background: Mutations in the dihydrofolate reductase (dhfr) and dihydropteroate synthase (dhps) genes of
Plasmodium falciparum are associated with resistance to anti-folate drugs, most notably sulphadoxine-
pyrimethamine (SP). Molecular studies document the prevalence of these mutations in parasite populations across
the African continent. However, there is no systematic review examining the collective epidemiological significance
of these studies. This meta-analysis attempts to: 1) summarize genotype frequency data that are critical for
molecular surveillance of anti-folate resistance and 2) identify the specific challenges facing the development of
future molecular databases.
Methods: This review consists of 220 studies published prior to 2009 that report the frequency of select dhfr and
dhps mutations in 31 African countries. Maps were created to summarize the location and prevalence of the highly
resistant dhfr triple mutant (N51I, C59R, S108N) genotype and dhps double mutant (A437G and K540E) genotype in
Africa. A hierarchical mixed effects logistic regression was used to examine the influence of various factors on
reported mutant genotype frequency. These factors include: year and location of study, age and clinical status of
sampled population, and reporting conventions for mixed genotype data.
Results: A database consisting of dhfr and dhps mutant genotype frequencies from all African studies that met
selection criteria was created for this analysis. The map illustrates particularly high prevalence of both the dhfr triple
and dhps double mutant genotypes along the Kenya-Tanzania border and Malawi. The regression model shows a
statistically significant increase in the prevalence of both the dhfr triple and dhps double mutant genotypes in
Africa.
Conclusion: Increasing prevalence of the dhfr triple mutant and dhps double mutant genotypes in Africa are
consistent with the loss of efficacy of SP for treatment of clinical malaria in most parts of this continent. Continued
assessment of the effectiveness of SP for the treatment of clinical malaria and intermittent preventive treatment in
pregnancy is needed. The creation of a centralized resistance data network, such as the one proposed by the
WorldWide Antimalarial Resistance Network (WWARN), will become a valuable resource for planning timely actions
to combat drug resistant malaria.
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The malaria problem
Global malaria control initiatives have a turbulent his-
tory driven by a number of biological, social, and eco-
nomic factors. The Malaria Eradication Programme
launched by the World Health Organization (WHO) in
1955 successfully eliminated malaria in many temperate
and sub-tropical regions of the world, but little progress
was made in sub-Saharan Africa. The programme con-
fronted technical challenges including, but not limited
to: anti-malarial drug resistance, insecticide resistance,
lack of infrastructure to implement and sustain control
measures, and a lack of community engagement and
participation [1]. These obstacles collectively damaged
the long-term sustainability of the eradication pro-
gramme, which was ultimately abandoned in 1969 [2].
The renewed vision for malaria control and eventual
elimination focuses on the development of new tools
and improved integration of existing interventions [3].
Financing from the Global Fund to Fight AIDS, Tuber-
culosis, and Malaria; the World Bank Malaria Booster
Program; and the U.S. President’s Malaria Initiative
(PMI) have increased funding for malaria control. One
objective of the PMI includes a 50% reduction in malaria
mortality in 15 African countries over a five-year period
by expanding the coverage of effective interventions
including: insecticide-treated mosquito nets (ITNs),
indoor residual spraying with insecticides, intermittent
preventive treatment for pregnant women (IPTp), and
artemisinin-based combination therapy (ACT) [3,4].
ACT is a vital component of the malaria control strat-
egy and currently represents the last line of defense
against infections that have developed resistance to pre-
vious anti-malarial therapies. Chloroquine (CQ) mono-
therapy was highly effective in treating malaria for
several years, but eventual appearance of CQ resistance
to P. falciparum became a major challenge for control
programs [5-8]. The onset of pervasive CQ resistance
led to its replacement with anti-folate drugs, most nota-
bly sulphadoxine-pyrimethamine (SP), as a first-line
therapy in many parts of the world. However, resistance
to anti-folate drugs emerged rapidly. ACT has since
been introduced to either work in combination with
anti-folates or replace them as first-line therapies in
many settings, reviewed in [9,10].
Monitoring anti-malarial drug resistance
Drug resistance continues to present a major threat to
remaining effective anti-malarial therapies, such as ACT,
that currently serve as a cornerstone of the malaria con-
trol strategy. Therefore, the success of control efforts
relies heavily upon surveillance methods to adequately
monitor and promptly respond to emerging resistance.
Clinical efficacy trials that measure the therapeutic fail-
ure rate following administration of a particular drug are
the gold-standard method for gauging the effectiveness
of anti-malarial therapies. However, clinical efficacy trials
are resource-intensive, making them difficult to use
broadly for surveillance purposes, reviewed in [11].
Translating a measure of drug efficacy into a reliable
assessment of drug resistance is also obscured by a num-
ber of host, drug, and parasite factors such as: acquired
immunity [12], compliance dosing [13], nutritional status
[14], pharmacokinetics [15], parasite synchronicity and
biomass [16], and endogenous parasite resistance
mechanisms, reviewed in [17]. Therefore, studies that
focus on specific interactions among host, drug, and
parasite can make costly clinical trials more informative
by helping to better differentiate and identify the role of
drug resistance.
Pharmacological and in vitro-based assays have been
used as tools to examine the role of host-drug and para-
site-drug interactions that influence clinical efficacy of
anti-malarials. Specifically, pharmacological studies con-
ducted within the context of clinical trials can enable an
examination of pharmacokinetics and pharmacody-
namics (PK-PD) and their role in therapeutic response.
An understanding of PK-PD in different clinical settings
and populations is essential to establish therapeutic drug
dosages for target groups and distinguish between true
therapeutic failures and other factors such as poor
adherence, drug quality, absorbance, and elimination.
PK-PD data is also essential if outcomes from different
clinical efficacy trials are to be accurately compared.
In vitro parasite susceptibility assays enable a measure of
intrinsic chemosensitivity of P. falciparum parasites to a
particular drug by controlling for host factors such as
acquired immunity, nutritional status, and compliance
dosing. Most in vitro studies report the 50% inhibition
concentration (IC50) of an anti-malarial drug, which in
turn serves as an indicator of parasite tolerance to the
drug. In vitro assays offer benefits, such as the ability to
quantify the parasite inhibiting properties of partner drugs
within combination therapies and identify temporal trends
by comparing the drug sensitivity profiles of frozen refer-
ence parasite lines with samples in question. Both in vitro
and pharmacological studies play an important role in dif-
ferentiating drug resistance from other potential causes of
decreased drug efficacy. Although these methods comple-
ment clinical efficacy trials to collectively identify the pre-
sence of drug resistance and help quantify its impact on
drug efficacy, they do little to propose specific parasite
resistance mechanisms.
Molecular studies examining genetic correlates of
resistance differ in scope from in vitro and pharmacolo-
gical studies in that they provide the means to identify
Sridaran et al. Malaria Journal 2010, 9:247
http://www.malariajournal.com/content/9/1/247
Page 2 of 22genetic markers that confer resistance. Association and
genetic complementation studies have identified
and validated genetic markers of resistance for older
anti-malarial drugs, such as CQ, SP and chlorproguanil-
dapsone [18-24]. Molecular surveillance studies that
examine the prevalence and spread of these validated
markers present a practical means of monitoring
dynamic drug resistant parasite populations in different
parts of the world and could be useful in planning drug
efficacy studies [25]. Lessons learned from the identifica-
tion and epidemiological use of molecular markers of
resistance to formerly efficacious anti-malarials will
be useful for the improvement of molecular surveillance
capabilities for anti-malarials currently in use, such
as ACT.
Clinical, pharmacological, in vitro, and molecular stu-
dies each shed light on a certain aspect of drug efficacy
and drug resistance, but each also has its own set of
benefits and limitations. Lack of standardization across
studies of each type and differences in conventions for
reporting data are two pervasive problems that seriously
limit the ability to compare studies conducted at differ-
ent times and locations. In an effort to mitigate these
and other issues, the WorldWide Anti-malarial Resis-
tance Network (WWARN) has put forth a comprehen-
sive plan to network clinical, in vitro, pharmacological,
and molecular studies in a centralized database. The
proposed structure and objectives for each of the four
components of the database have been detailed in a ser-
ies of articles [11,26-28].
The need to standardize and network molecular data
is particularly pressing. The advancement of high-
throughput molecular techniques has enabled a rapid
increase in the number of molecular studies conducted
in recent years; however, a lack of meaningful ways to
compare studies severely limits the potential utility of
this valuable information. Databases that assemble the
reported frequency of resistant parasite genotypes from
multiple molecular studies can provide more compre-
hensive and easily accessible information. Drug resis-
tance maps at the London School of Tropical Medicine
and Hygiene [29] has assembled the reported frequency
of mutations associated with SP resistance across Africa.
T h es i t ei n c l u d e sd a t af r o ma p p r o x i m a t e l y1 0 0s t u d i e s
in an open-access map-based format with electronic
links leading to the articles from which the data was
derived. More recently, Picot et al [30] used a meta-ana-
lysis to show significant association between the pre-
sence of established genetic markers of resistance and
increased therapeutic failure rates for corresponding
anti-malarial drugs across a total of 92 studies con-
ducted worldwide. Unfortunately, very few studies of the
total number available in the literature met criteria for
data linkage in this meta-analysis and had to be
excluded from the study.
A growth in the number of molecular studies report-
ing the frequency of known resistance markers presents
new opportunities to assess the broader impact that
reporting conventions and study methodology may be
having on the data being produced. Some of the vari-
ables that have been proposed as potentially influential
include age and clinical status of the sampled popula-
tion, date and location of the molecular study, reviewed
in [31], and reporting conventions for polyclonal infec-
tions [32]. No previously published meta-analysis has
ever used congregated molecular data to quantitatively
assess the impact these variables may be having on the
reported frequency of mutations that confer anti-malar-
ial drug resistance. Therefore, an empirical database that
not only summarizes molecular studies but also assesses
the impact of potentially influential variables can pro-
vide a basis for standardization and help advance objec-
tives proposed by WWARN for the molecular
component of a centralized surveillance database.
Anti-folate resistance database
Resistance to anti-malarial drugs for which validated
molecular markers are available is already widespread;
however, a database that specifically assembles studies
reporting the frequency of parasite genotypes associated
w i t ha n t i - f o l a t er e s i s t a n c ei sv a l u a b l ef o ran u m b e ro f
reasons.
First, SP use in combination with artemisinin-based
derivatives [33,34] and as a monotherapy for intermit-
tent preventive therapy (IPT) in pregnant women [35]
continues in parts of Africa and has demonstrated clini-
cal efficacy, even in areas where SP is no longer used to
treat acute malaria in the general population due to
resistance. Clinical trials in these areas also suggest SP
IPT can have a protective effect against the risk of clini-
cal malaria and malaria anemia in infants [36], but in
some cases this has been associated with higher risk of
severe malaria rebound [37]. The prevalence and role of
SP resistant parasite genotypes in these populations
must be evaluated since this information may be useful
in complementing clinical studies that inform drug pol-
icy changes. Second, there are multiple anti-folate drugs
currently being administered in Africa with the same
drug targets. Trimethoprim-sulphamethoxazole, admi-
nistered as Cotrimoxazole® (CTX), is a low cost regimen
that has been shown to decrease morbidity and mortal-
ity in HIV-infected individuals [38]. However, CTX
shares the same drug targets as SP to decrease the inci-
dence of illness caused by bacterial and protozoan infec-
tions [39]. Thus, there is a concern that widespread
administration of CTX may promote cross-resistance to
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in the antifolate-resistant P. falciparum genotypes fol-
lowing CTX treatment [40], continued surveillance is
necessary to assess the long term trends. Chlorprogua-
nil-dapsone is increasingly being used in Africa for
treating malaria. It has the same drug targets as SP, but
has shown to be more active in killing parasites in vitro
[41] and has been more effective in treating malaria
than SP in vivo [42,43], even when SP resistant parasite
genotypes are prevalent in the population [44,45]. Moni-
toring anti-folate resistant parasite genotypes in popula-
tions receiving CTX prophylaxis or chlorproguanil-
dapsone is critical to better understand the role these
drugs may have in inducing or curbing cross-resistance.
Anti-folate drug action and resistance mechanisms
The anti-folate class of drugs consists of compounds that
bind enzymes necessary for parasite folate biosynthesis.
The most widely used anti-malarial drugs within this
class are sulphadoxine-pyrimethamine (SP) and, more
recently, chlorproguanil-dapsone. The pyrimethamine
portion of SP and chlorcycloguanil, the active metabolite
of chlorproguanil, bind the enzyme dihydrofolate reduc-
tase (DHFR) [46]. Sulphadoxine and dapsone bind the
enzyme dihydropteroate synthase (DHPS) [45,47,48].
Both enzymes are part of the parasite folate synthetic
pathway and the inhibition of these enzymes leads to
decreased production of tetrahydrofolate [49]. Tetrahy-
drofolate is a necessary cofactor for the production of a
number of folate precursors including dTMP and
methionine. Decreased production of these precursors
severely inhibits the Plasmodium parasite life cycle [50].
Mutations in the dhfr and dhps genes of P. falciparum
parasites have been associated with decreased parasite
sensitivity to the anti-folate drugs. A change from wild-
type Ser108 to Asn108 (S108N) in dhfr is sufficient to
cause low level pyrimethamine resistance both in vitro
and in vivo [18,21,51]. This single mutation can increase
in vitro resistance to pyrimethamine by 100-fold relative
to wild-type [21]. The progressive addition of mutations
altering Cys50 to Arg (C50R), Asn51 to Ile (N51I),
Cys59 to Arg (C59R), and Ile164 to Leu (I164L) in dhfr
can yield higher levels of SP resistance in vitro and in
vivo [51-56]. Genotypes consisting of multiple mutations
in the dhfr gene have evolved in different parts of the
world (see Table 1) and are most often associated with
higher levels of resistance than the single mutant geno-
types. The triple dhfr mutant genotype consisting of
N51I, C59R, and S108N shows in vitro resistance to pyr-
imethamine that is 225 times higher than a wildtype lab
strain [41,52] and has demonstrated strong association
with in vivo SP treatment failure [32,57,58]. The Ala16
to Val (A16V) and Ser108 to Thr (S108T) mutations in
dhfr confer resistance to cycloguanil but not pyrimetha-
mine [19,20]. The addition of the N51I, C59R, and
I164L mutations in the presence of S108N confers high
levels of resistance to both pyrimethamine and cyclogua-
nil [19,20,56].
Mutations in codons Ser436 to Ala or Phe (S436A/F),
Ala437 to Gly (A437G), Lys540 to Glu (K540E), Ala581
to Gly (A581G), and Ala613 to Ser or Thr (A613S/T) in
dhps have been shown to affect parasite susceptibility to
the sulpha drugs including sulphadoxine and dapsone
[45,59,60]. The dhps A437G mutation alone predicted
clinical failure of SP in parts of Kenya [61]. Data from
various malaria endemic areas suggest asymmetric selec-
tion of resistant genotypes starting with mutations in
dhfr and followed by those in dhps [50]. Multiple mutant
dhps genotypes have also evolved in different parts of the
world (see Table 1). The double dhps mutant genotype
consisting of A437G and K540E is highly associated with
in vivo clinical failure independently [58,62]. However,
the quintuple mutant genotype consisting of the double
dhps mutant genotype (A437G, K540E) in combination
with the dhfr triple mutant genotype (S108N, N51I,
C59R) is a better predictor of clinical failure than either
multiple mutant genotype alone [58,63].
Objectives
The objective of this meta-analysis are to 1) provide a
comprehensive database of reported frequencies for
resistant dhfr and dhps mutant genotypes in African
P. falciparum populations; 2) highlight the significance
and limitations of these studies; 3) use condensed tables,
plots, and geostatistical illustrations to present frequency
data; 4) use statistical models to describe changes in the
prevalence of select highly resistant genotypes over the
years; and 5) elucidate the impact of variables that may
influence reported genotype frequencies.
Methods
Literature search
A literature search was done using the National Library of
Medicine Pubmed/Medline search engine. Search terms
included “dihydropteroate synthase,”“ dhps,”“ dihydrofo-
late reductase,”“ dhfr,”“ Plasmodium falciparum,”“ Africa,”
“sulphadoxine pyrimethamine,”“ antifolate,”“ drug resis-
tance,”“ Fansidar.” Boolean operators were used to search
for articles using these terms in various combinations. All
variations in the spelling of these terms were accounted
for in the search. Additional articles were found through
the Related Articles search feature on the Pubmed website
and through the reference sections of candidate articles.
The Drug Resistance Maps database [29] was also used
to identify studies that may have been missed in
the Pubmed/Medline search. Each article was then
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ing criteria:
1) The article must have been published in English
prior to Jan 1
st, 2009 to be included.
2) The article must explicitly state or provide inter-
pretable mutation frequencies for any of the selected
codons in dhfr (16, 50, 51, 59, 108) and/or dhps
(436, 437, 540, 581, 613) to be included.
3) The article must have provided mutant frequency
data derived from pre-treatment blood isolates to be
included. Genotype frequency data derived from
patients receiving anti-malarial drugs within two
weeks of enrollment and/or patients who were deter-
mined to have therapeutic levels of anti-folate drugs
in their bloodstream at the time of enrollment were
excluded. Genotype frequency data derived from in
vitro cultured blood isolates were also excluded.
4) The study must have restricted its sampling to
blood isolates of African origin from local patient
populations to be included. Genotype frequency data
derived from travelers were excluded.
Mutant allele frequency (MAF) and mutant genotype
frequency (MGF) databases
Data reporting the frequency of mutations in dhfr and
dhps were extracted from published articles and were
summarized using two separate databases called the
Mutant Allele Frequency (MAF) database and Mutant
Genotype Frequency (MGF) database (see Additional
Files 1 &2, respectively). The MAF database reports the
frequency of mutations in dhfr and dhps for each codon
individually. Whereas, the MGF database describes the
frequency of the highly resistant dhfr triple mutant gen-
otype (N51I, C59R, S108N) and dhps double mutant
genotype (A437G, K540E) using a standardized system,
similar to the format described by Kublin et al [32].
Table 2 has been condensed to describe how genotypes
were categorized in the MGF database.
One of the major methodological differences across stu-
dies was the reporting standards for mixed mutant gen-
otypes. Mixed mutant genotypes are detected when two
or more populations of parasites with distinct genotypes
at particular codons of interest are present in a single
infection. These infections a r ec o m m o n l yr e f e r r e dt oa s
“polyclonal” since multiple clonal populations of para-
sites are present in a single blood isolate. Varying classi-
fications for mixed genotypes can have a significant
impact on the determination of mutant genotype fre-
quency; particularly in high transmission settings where
polyclonal infections have been reported in greater than
50% of sampled isolates, reviewed in [64].
A majority of studies included in this review used the
Restriction Fragment Length Polymorphism (RFLP)
Table 1 Mutant genotypes associated with high levels of anti-folate resistance
dhfr genotypes Location Reference
N51I/C59R/S108N Asia, Africa Reviewed in [17]
N51I/C59R/S108N/I164L Asia, Africa Reviewed in [17]; [88]
N51I/S108N/I164L South America, Africa [96]; [97]; [98]; [88]
C50R/N51I/S108N South America [96]
dhps genotypes Location Reference
A437G/K540E Africa, Asia, Indonesia Reviewed in [17]; [99]; [100]
S436A/A437G Africa [101]; [79]
A437G/A581G South America [102]
A437G/K540E/A581G Asia, South America [96]; [103]; [97]
S436A/A437G/K540E/A581G; S436A/A437G/K540E Asia [104]; [105]
Table 2 dhfr and dhps genotype classification
dhfr codon dhps codon
N51I C59R S108N A437G K540E
Single X Single X
XX
X
Double X X Double X X
XX
XX
Triple X X X
Each row represents a mutant genotype for either the dhfr gene or dhps
gene. A white box represents a wildtype codon whereas a box with an “X”
represents a mutant codon. The MGF database (Additional File 2) reports the
frequency of mutant genotypes using the single, double, and triple mutant
categories for dhfr and the single and double mutant categories for dhps.
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type form at codons of interest. Since this is an indirect
method to detect codon change it has some inherent
limitations in identifying appearance of new mutations
and in accurately genotyping mixed infections [65]. A
number of more recent studies use different methods to
detect mutant genotypes including pyrosequencing,
direct sequencing, and RT-PCR methods. However, each
of these methods can have a different sensitivity and
specificity in detecting various mutations accurately and
thus can contribute to some variation in estimating the
frequency of mutant genotypes. Since there is not a uni-
versal convention for determining and reporting differ-
ent mutants, it was a challenge to compare different
studies. Therefore, a rubric (Table 3) was created to
categorize various reporting standards and establish a
standardized approach to extract mutant genotype fre-
quency data. The categories within the rubric are: com-
bined, excluded, separate, split, and N/A. The combined
category was used to describe studies that reported
mixed mutant genotypes as pure mutants. The excluded
category was used to describe studies that completely
excluded mixed genotypes from the analysis. The sepa-
rate category was used to describe studies that reported
the mixed genotype frequency separate from the pure
mutant or pure wildtype genotype frequencies. For this
review, mixed genotype frequencies were reported sepa-
rately from the pure mutant or pure wildtype genotype
frequencies in the MGF database whenever possible.
The split category was used to describe studies that con-
sidered mixed genotypes to be both mutant and wild-
type; therefore, they were split between both. For this
review, mixed genotypes were only split in the MAF
database whenever possible. Finally, the N/A category
was used to describe studies that made no mention of
mixed genotypes when reporting genotype frequency.
The mixed mutant category, year of study, age descrip-
tion of sampled population, and frequency data corre-
sponding to each study can be found in the MAF and
MGF databases. The ID number for each study links
directly to a citation for the article from which the data
was extracted (see Additional File 3). Calculations used
to determine the mutant, wildtype, and mixed frequen-
cies for studies within each category are shown in
Table 3.
Maps and Time plots of dhfr triple mutant and dhps
double mutant genotypes
Maps describing the distribution and prevalence of the
dhfr triple mutant genotype and the dhps double mutant
genotype (see Figures 1 and 2, respectively) were created
using ArcGIS 9.3.1 software. Locality coordinates were
determined by searching for locality names in the
Europa 2009 coordinate database. This database con-
tains approximately 300,000 points with coordinate data
along with identifiable geographical features and politi-
cal boundaries. A majority, 75%, of the study sites were
found in Europa. The remaining 25% could not be
found; therefore, a search of academic journals through
the Pubmed/Medline databases was conducted to find
articles that describe these localities along with maps or
coordinate information. The academic journal search
yielded accurate locality descriptions for a majority of
the remaining 25%; however, a few studies (~5% of the
total) were only described by their proximity to political
boundaries or geographical features such as rivers,
mountains, or valleys. The extent error associated with
these localities is greater, but was considered sufficient
for the scale of the continent-wide map. These methods
yielded geographic coordinates for each study. Coordi-
nates were plotted using a black circle denoting the
location of the study. The size of the circle is propor-
tional to the number of samples examined.
An inverse distance weighted (IDW) algorithm was
used to provide a snapshot of dhfr triple and dhps dou-
ble mutant genotype prevalence in parts of Africa where
studies have not been conducted. The IDW method
assumes that the prevalence of the mutant genotype
near observed data points are the most similar with
decreasing similarity as distance from the observed data
point increases. The amount of influence a given data
point has at a certain distance is also influenced by a
power value (p) that is generated by the ArcGIS soft-
ware. The software determines the optimal (p) value for
Table 3 Genotype frequency calculation rubric
Mutant Frequency = Wildtype Frequency = Mixed Frequency =
Combined (Mu + Mi)/(Mu + Mi + Wt) Wt/(Mu + Mi + Wt) N/A
Excluded Mu/(Mu + Wt) Wt/(Mu + Wt) N/A
Separate Mu/(Mu + Wt + Mi) Wt/(Mu + Wt + Mi) Mi/(Mu + Wt + Mi)
Split (MAF only) (Mu + Mi)/[Mu + Wt + (2 × Mi)] (Wt + Mi)/[Mu + Wt + (2 × Mi)] N/A
N/A Mi not described.
Mutant frequency reported directly from study
Mi not described.
Wildtype frequency reported directly from study
N/A
Mu = number of isolates carrying pure mutant genotype
Mi = number of isolates carrying mixed mutant genotype
Wt = number of isolates carrying pure wildtype genotype
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error (RMSPE), which is a summary statistic that
describes the error of the prediction surface. A (p) value
of “0” means a given data point has equal influence on
all parts of the prediction surface regardless of the dis-
tance from the point. Whereas, a large (p) value means
t h ei n f l u e n c eo fad a t ap o i n td r o p so f fv e r yq u i c k l ya s
the distance from the point increases. The optimal (p)
value for each map is shown in Figures 1 and 2.
The prediction surface of each map is shaded using a
gradient scheme consisting of quintiles. Areas of the
prediction surface considered to have a high prevalence
of mutant genotypes are denoted by darker shading,
whereas areas considered to have a lower estimated
mutant genotype prevalence are denoted by lighter
shading. The IDW spatial representation does not
account for the date of the study. Therefore, shaded
areas of the maps can only serve as crude snapshots of
mutant allele prevalence between 1993 and 2008 with
decreasing reliability as distance from observed data
points increases. The MARA [66] map describing
malaria transmission in Africa was used to restrict the
shading on the mutant genotype prevalence maps to
areas where malaria transmission is known to be
present.
Time plots were created (see Figures 3 and 4) to sup-
plement the maps by showing reported genotype fre-
quencies from individual studies over time using a
similar shading scheme. Each dot represents at least one
study conducted for that year. The darker shaded dots
on the time plot reflect higher mutant genotype preva-
lence, whereas the lower prevalence values are denoted
by lighter dots. Multiple studies conducted in the same
c o u n t r ya n di nt h es a m ey e a ra r es t i l ld e n o t e db yas i n -
gle dot whose color represents a weighted average of
the genotype frequency reported by each study. The
time plots and maps were created separately because a
geo-statistical map that accounts for several variables,
similar to the world malaria map put forth by Hay et al
[67], was not feasible given sample size limitations and
an inability to directly compare studies due to the
unknown impact of variables among molecular studies.
Statistical analysis of reported mutant genotype
frequencies and study variables
A multilevel mixed effects logistic regression model [68]
is used to determine how factors including: location of
study, year of study, type of study, age of sampled popu-
lation, and mixed genotype categorization are associated
with the reported frequency of the dhfr triple mutant
and dhps double mutant genotypes in Africa. This
belongs to the class of generalized linear mixed models
which has been well established in both theoretical and
applied academic literature [69,70]. Furthermore, such
models have also been applied to meta-analysis of clini-
cal or observational studies [71-73]. In the model for
the dhfr triple mutant genotypes (Figure 5), the study
and country of the study are included as nested inter-
cept random effects in order to model the variability of
the probability of mutation between studies within a
country and also between countries. This induces a cor-
relation between individuals within the same study and
between studies within the same country. In the model
for the dhps double mutant genotype (Figure 6), only
the study random intercept effect is included due to
inestimability of the country random effect. This still
induces a correlation between individuals within the
same study; however, in this model, studies within the
same country are considered to be independent. The
remaining factors: year of study, type of study, age of
sampled population, and mixed genotype categorization
are considered fixed effects in the regression model.
The year of study is centered at the year of the first
study observed, 1993. Hence a study conducted in 1993
is given a year of 0, and a study conducted in 2005 is
given a year of 12. This convention is used to facilitate
interpretation of the intercepts as representing the prob-
ability of mutation at the start of the study time period
(1993), and also helps to avoid convergence issues in fit-
ting the model [74]. Year enters the model as a continu-
ous variable; various categorizations of year were
considered but deemed unnecessary. The type of study
is a dichotomous variable that describes each study as
either a clinical study or a survey. Studies that only
sampled from a population of individuals symptomatic
for uncomplicated malaria are considered clinical;
whereas, studies that sampled from an asymptomatic
population are considered surveys.
The fixed effect representing the age of sampled popu-
lation are divided into five age categories: 1) adolescents
and adults, 2) children and adolescents, 3) children
under 6 years, 4) mixed ages, 5) N/A. For this study,
individuals age 12 and under are considered children,
between 12 and 18 years of age are considered adoles-
cents, and age 18 or greater are considered adults. A
study is assigned to age category 1, 2, or 3 if greater
than 75% of the sampled population for that study fit
the category description. If the age of the sampled popu-
lation is described but did not meet the 75% threshold
then it is assigned to the mixed ages category. The N/A
category is used to describe studies that did not describe
the age of the sampled population.
The fixed effect representing mixed genotype categori-
zation is divided into four categories based on the meth-
odology used for reporting mixed genotypes: 1) separate,
2 )c o m b i n e d ,3 )e x c l u d e d ,a n d4 )N / A .T h es e p a r a t e
category is assigned to studies that report mixed geno-
types separate from pure mutant or pure wildtype
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studies that counted mixed genotypes as pure mutant
genotypes. The excluded category is used to describe
studies that completely removed mixed genotype data.
The N/A category is used to describe studies that did
not describe mixed genotypes in the study. The criteria
used to categorize studies based on reporting of mixed
genotype data is more thoroughly described in Table 3.
Statistical model
Let Yij be the number individuals with the mutant geno-
type in the j
th study of the i
th country. Conditional on
the fixed and random effects, Yij ~ Binomial(nij, πij),
where nij is the number of individuals in the j
th study of
the i
th country. On the logit scale, the probability of
mutation πij is modeled as a linear combination of the
fixed and random effects. Equation (1) represents the
logistic regression model for dhfr triple mutant geno-
types, and equation (2) represents the logistic regression
model for the dhps double mutant genotypes.
logit v u x ij i ij ij ()  =++ +   (1)
logit u x ij ij ij ()  =+ +   (2)
i=1, ..., number of countries; j = 1, ..., number of stu-
dies in the i
th country
Figure 3 Time plot of reported frequency - dhfr triple mutant genotype (N51I, C59R, S108N).
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effect of the i
th country, uij is the intercept random effect
of the j
th study in the i
th country, and b is a vector repre-
senting the fixed study level effects. The study and coun-
try random intercepts allow the intercept to differ
between studies. For model (1) the country random
effects vi are assumed to be normally distributed vi ~ N
(0, sv, dhfr
2), while the study random effects uij are
assumed to be normally distributed uij ~N (0, su, dhfr
2).
For the analysis of dhfr triple mutant genotypes, sv, dhfr
2
represents the heterogeneity between countries, and su,
dhfr
2 represents the heterogeneity between studies within
a country. In model (2) the study random effects uij are
assumed to be normally distributed uij ~ N(0, su, dhps
2),
and su, dhps
2 represents the heterogeneity between studies
of the dhps double mutant genotypes. The variance com-
ponents are estimated on the logit scale, and therefore do
not have a direct interpretation. Statistical analysis was
performed in R version 2.8.1 using the lmer function in
the lme4 package, which uses Laplace approximation to
the likelihood to obtain parameter estimates [75]. The
significance of the fixed effects is evaluated through stan-
dard likelihood ratio tests, and the significance of the var-
iance components for the random effects is evaluated
through likelihood ratio tests where the asymptotic distri-
bution of the likelihood ratio test statistic follows a mix-
ture of chi-squared distributions [76]; p- v a l u e sl e s st h a n
0.05 are considered statistically significant.
Results
Literature search and databases
The literature search of the PubMed database yielded
approximately 750 articles after search terms were
applied. Of these 750 articles, most were excluded
Figure 4 Time plot of reported frequency - dhps double mutant genotype (A437G, K540E).
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dhps genotypes. Of the remaining articles, several were
excluded on the basis of their location outside of Africa.
Few studies were excluded on the basis of other criteria
(ie. language of article not in English, travelers included
in the sample population, and drug administration prior
to molecular analysis). Data was successfully extracted
from 100 articles that yielded genotype frequency infor-
mation for 220 studies conducted in 31 African coun-
tries and published prior to 2009. Of these 220 studies,
207 studies reported the frequency of one or more
mutations of interest within the dhfr or dhps gene.
These mutations include dhfr A16V, C50R, N51I, C59R,
S108N/T, I164L and dhps S436A/F, A437G, K540E,
A581G, A613 S. Studies reporting the frequency of
these individual mutations are summarized in the
mutant allele frequency (MAF) database (Additional File
1). 161 studies reported the frequency of either the dhfr
triple mutant genotype (N51I, C59R, S108N) or the
dhps double mutant genotype (A437G and K540E), or
both. These data are summarized in the multiple muta-
tion (MM) database (Additional File 2).
Figure 5 Country and study level random effects - dhfr triple mutant genotype (N51I, C59R, S108N).
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alphabetical order by country. Each entry within the
database reports mutant genotype frequency and
descriptive information including: the location of the
study, age of sampled population, categorization of
mixed genotype data, and year the study was conducted.
Study location is reported as specifically as possible and
is typically identified by a recognizable city or village;
however, in some cases, the location could only be
described on the scale of a region or district. Most stu-
dies provided the age of the sampled population with a
description of the age range. However, some also
reported the mean or median age of the sampled popu-
lation and these data are reported where available.
Mixed genotype categorization was based upon the
convention used in the study to describe how mixed
genotypes were considered when calculating genotype
frequencies; however, in many cases mixed genotypes
can be interpreted in multiple ways. For this review, the
default convention was to split the mixed genotype data
in the MAF database (Additional File 1) if the data per-
mitted this interpretation. However, the default conven-
tion was to report mixed genotype data separately in the
MGF database (Additional File 2) if the data permitted
this interpretation.
The MAF and MGF databases also report the date the
study was conducted. Studies were typically conducted
within the span of a single year; however, a number of
Figure 6 Study level random effect - dhps double mutant genotype (A437G, K540E).
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provided, the last year of the study was used for statisti-
cal analysis. The sample size of the study is given in the
MGF database; however, the sample sizes are not given
in the MAF database because the number of isolates
examined for each codon often varied.
Maps and time plots of dhfr triple mutant and dhps
double mutant genotypes
The maps shown in Figures 1 and 2 highlight two major
qualitative features: 1) the distribution of studies across
the continent and 2) the location of resistance hotspots.
T h em a pd e s c r i b i n gt h ep r e v a l e n c eo ft h edhfr triple
mutant genotype across Africa (Figure 1) shows the
location of 159 studies. An examination of Figure 1 indi-
cates a strong reporting bias in favor of certain parts of
the continent. In fact, 43.9% of studies reporting the
prevalence of dhfr triple mutant genotype were con-
ducted in Kenya, Tanzania, and Cameroon alone. The
red shading on the map indicates very high prevalence
(> 70% of sampled isolates) of the dhfr triple mutant
genotype in parts of Cameroon, Uganda, Kenya, Tanza-
nia, and Malawi.
The map describing the prevalence of the dhps double
mutant genotype across Africa (Figure 2) shows the
location of 94 studies. The map also indicates that a
large number of studies were conducted around Kenya
and Tanzania; however, there are also several studies
reporting these data in southern Mozambique. A large
portion, 41.5% of total studies examining prevalence of
the dhps double mutant genotype, was conducted in
these three countries. Dark green shading in Figure 2
indicates high prevalence of the dhps double mutant in
parts of Uganda, Kenya, Tanzania, and Malawi.
A comparison of the dhfr triple mutant genotype map
and dhps double mutant genotype map indicates that
both had a high prevalence in overlapping areas of East
Africa; however, this is not the case in West Africa
where the dhps double mutant genotype had a much
lower prevalence. A comparison of the data shows that
56.1% of the isolates sampled in East Africa carry the
dhfr triple mutant genotype and 44.3% carry the dhps
double mutant genotype. However, in West Africa,
51.5% of sampled isolates carry the dhfr triple mutant
genotype and only 3.0% carry the dhps double mutant
genotype (see Table 4 for complete comparative
analysis).
The time plots (Figures 3 and 4) show the reported
frequency of both the dhfr triple mutant genotype and
dhps double mutant genotype for studies reported since
1993, respectively. Both plots reveal an increase in the
number of studies being conducted since 1993 that
report the frequency of these mutant genotypes in
Africa. Most studies were conducted around 2001, with
a majority between 1998 and 2004. The shading of the
points on the time plots suggests greater prevalence of
both the dhfr triple mutant genotype and dhps double
mutant genotype being reported in later studies in parts
of Uganda, Kenya, and Tanzania. The reported fre-
quency of both the dhfr triple and dhps double mutant
genotypes in individual studies appears to be constant
or even decreasing over time in a few countries. These
perceived “trends” have little support since historical
data is limited in these countries and the variation in
reported frequency of mutant genotypes, even among
studies within a single country, is high. Therefore, the
time plots serve primarily as a summary of the limited
data available and are not to be interpreted as an
authoritative estimate of countrywide trends.
Statistical analysis of mutant genotype prevalence and
study variables
Multilevel mixed-effects regression was used to assess
the association of several variables on the reported fre-
quency of both the dhfr triple mutant genotype and the
dhps double mutant genotype independently. For the
dhfr triple mutant genotype, the results from 14,109
individuals in 155 studies from 25 countries were ana-
lyzed; the number of studies per country ranges from j
=1t o2 6 ,a n dt h es i z eo ft h es t u d yr a n g e sf r o mnij =3
to 453. The regression model for the dhfr triple mutant
genotype yielded study level and country level intercept
r a n d o me f f e c t s( s e eF i g u r e5 ) .T h ex - a x i si nF i g u r e5
indicates the random effect value and is centered at
zero, which is the theoretical mean of the country ran-
dom intercepts. The country level random effect, vi
(denoted by a dark filled circle), displays the variability
of the probability of mutation between countries. Having
a random intercept near zero implies that the study’s
country level random intercept in the logistic regression
model is close to the overall fixed continent intercept,
a. Countries with smaller random country effects are
estimated to have a lower probability of mutation at the
start of the study time period compared to countries
with larger random effects. The study level random
effects are nested within the country effects, and there-
fore are centered at the country level random effects.
The study level random effects (denoted by a hollow cir-
cle) are displayed as vi + uij and show the variability of
the probability of mutation between studies within the
s a m ec o u n t r y .T h ey - a x i so fF i g u r e5i so r d e r e db yt h e
country level random effect, from largest on top to
smallest on the bottom. The regression confirms signifi-
cant variation for both the study level (P <0.01) and
country level (P <0.01) random effect, with variation
between countries (1.56) larger than variation between
studies within a country (0.89). This suggests that there
is significant variability in mutant genotype frequency
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within a specific country.
For the fixed effects, the year of the study is signifi-
cantly associated (P < 0.01) with the frequency of the
dhfr triple mutant genotype and has a positive para-
meter estimate. Therefore, the model suggests that, con-
ditional on the random effects, the reported frequency
of this genotype in Africa is increasing over time. Of the
three remaining variables that were examined, only
mixed mutant categorization had a significant (P = 0.01)
association with the reported frequency of the dhfr triple
mutant genotype. The combined, excluded, and N/A
categories all had a positive parameter estimates relative
to the separate category; however, only the combined
and excluded categories significantly differed from the
separate category. This suggests that studies reporting
mixed mutant genotypes as pure mutants or excluded
them completely tend to have significantly higher
reported frequency of the dhfr triple mutant genotype
than studies that did not describe mixed mutant geno-
types. The age of the sampled population and the type
of study (clinical or survey) were not significantly asso-
ciated with reported mutant genotype frequency. A
summary of model results for the dhfr triple mutant
genotype can be found in Table 5.
The model for the dhps double mutant genotype (see
Figure 6) consisted of much fewer observations than the
model for the dhfr triple mutant genotype. For the dhps
double mutant genotype, the results from 7,761 indivi-
duals in 91 studies from 22 countries were assessed; the
number of studies per country ranges from j = 1 to 15,
and the size of the study ranges from nij = 6 to 397.
Two studies conducted prior to 1990 (one in Kenya and
one in Zambia) were excluded from the statistical
analysis because they were conducted earlier and could
be too influential. A data shortage for the dhps double
mutant genotype analysis led to convergence issues that
did not allow for estimation of a country level random
effect. However, the study level effect was still included
in the model as a random intercept effect in order to
allow for variation in the probability of mutation at the
start of the study time period. As in Figure 5, the x-axis
Table 4 Snapshot of data summarized by maps and time plots
dhfr triple mutant genotype (N51I, C59R,
S108N)
dhps double mutant genotype (A437G,
K540E)
Number of studies 159 94
Mean year of study conducted 2000.79 2001.08
Std Dev year of study conducted 3.35 3.40
Percentage of studies in top three countries^ 43.4% 41.5%
Percentage of studies conducted in East Africa† 67.3% 74.5%
Percentage of studies conducted in West Africa† 32.7% 25.5%
Number of total isolates examined 14316 7959
Average number of isolates sampled per study 91.2 84.7
Percentage of total isolates carrying genotype** 54.6% 33.7%
Percentage of isolates carrying genotype in East
Africa†**
56.1% 44.3%
Percentage of isolates carrying genotype in West
Africa†**
51.5% 3.0%
^ This value serves as an indicator for the clustering of studies: Top three countries reporting dhfr triple mutant genotype are: Kenya, Tanzania, and Cameroon;
Top three countries reporting dhps double mutant genotype are: Kenya, Tanzania, and Mozambique
** Weighted average of genotype prevalence, raw data taken from (Additional File 2)
† East and West Africa were defined by the longitudinal line at 22.5°E
Table 5 Model results for dhfr triple mutant genotype
Variable Estimate Std. Error P-value
Year 0.33 0.04 < 0.01
Type
Survey Referent - -
Clinical -0.13 0.03 0.66
Age Category 0.66
Adolescents and adults Referent - -
Children and adolescents 0.05 0.43 0.91
Children under 6 0.05 0.45 0.91
Mixed ages -0.37 0.50 0.46
N/A -0.43 0.53 0.41
Mixed Mutants 0.01
Separate Referent - -
Combined 0.80 0.38 0.03
Excluded 1.11 0.40 0.01
N/A 0.21 0.32 0.50
Random Effects Variance Std Dev P-value
Country 1.56 1.25 < 0.01
Study within Country 0.89 0.94 < 0.01
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tered at the theoretical value of zero. Figure 6 differs
from Figure 5 in that a country level random effect
could not be estimated in Figure 6; therefore, the y-axis
of Figure 6 is ordered by the average study level random
effect for each country, from largest on top to smallest
on the bottom. Variation between studies for the analy-
sis of the dhps double mutant genotype is highly signifi-
cant (P < 0.01) and is estimated to be 8.83. This is
much larger than the between or within country varia-
tion observed in the analysis of the dhfr triple mutant
genotype because the variance for the dhps double
mutant genotype could not be partitioned. This suggests
that there is significant variability in the reported fre-
quency of the dhps double mutant genotype among dif-
ferent studies at the start of the study time period.
The year of the study is significantly associated (P
<0.01) with the reported frequency of the dhps double
mutant genotype and has a positive parameter estimate.
Therefore, the model suggests that, on average, mutant
prevalence is increasing over time in Africa. The three
remaining variables that were examined; mixed mutant
categorization, age of sampled population, and type of
study, were not significantly associated with the reported
frequency of the dhps double mutant genotype. A sum-
mary of model results for the dhps double mutant geno-
type can be found in Table 6.
Discussion
Broad inclusion criteria allowed most studies that report
the frequency of dhfr and/or dhps genotypes in Africa
to be included in this meta-analysis. The studies were
conducted as early as 1993 and as late as 2006; however,
the distribution is skewed (mean year: ~2001 for studies
reporting either multiple mutant genotype) towards
recent years reflecting an increase in the number of stu-
dies reporting the frequency of the dhfr triple mutant
and/or dhps double mutant genotypes. This observation
is in line with the increase in the number of anti-malar-
ial clinical efficacy trials reported in the literature in
recent years [77] and likely reflects the growing prioriti-
zation and feasibility of surveillance as a component of
malaria control strategies. 161 studies assembled in this
meta-analysis collectively examined blood isolates
derived from over 14,000 individuals for the dhfr triple
mutant genotype and nearly 8,000 individuals for the
dhps double mutant genotype. The clear emphasis on
reporting the dhfr triple mutant genotype is likely due
to its emergence some 10-20 years earlier than the dhps
double mutant genotype in Africa [78] and its ubiqui-
tous presence across the continent. The dhps double
mutant genotype (437G/540E), on the other hand,
emerged much later in the early to mid-1990’s [79] and
is only prevalent in East Africa with a small number of
cases reported in West Africa. The 436A/437G double
mutant appears to be emerging in West Africa with
apparent absence of 437G/540E double mutant genotype
in some countries. The prevalence of individual 436A
and 437G alleles have been summarized (see Additional
File 1). However, the 436A/437G double mutant geno-
type was not independently summarized due to limited
reporting of data on this genotype.
The maps describing the prevalence of the dhfr triple
mutant genotype (Figure 1) and dhps double mutant
genotype (Figure 2) illustrate a high concentration of
studies in certain parts of the continent. This observa-
tion clearly demands an assessment of potential sources
of reporting bias. A wealth of data in particular areas is
due in part to the availability of research capacity in
these areas to facilitate such studies. However, it is also
due to molecular surveillance studies conducted more
recently in some countries th a tp r o v i d eav a s ta m o u n t
of data compared to traditional molecular studies that
complement clinical efficacy trials. In fact, a majority of
the multiple mutant genotype data available from
Mozambique, Uganda, and Cameroon comes from just a
few surveillance studies [80-83] that examined a large
number of isolates from many sites within each country.
Surveillance studies in Kenya [84] and Tanzania [63,85]
also contributed a significant amount of molecular data
relative to traditional molecular studies. Potential
Table 6 Model results for dhps double mutant genotype
Variable Estimate Std. Error P-value
Year 0.57 0.14 < 0.01
Type
Survey Referent - -
Clinical -0.78 1.11 0.49
Age Category 0.22
Adolescents and adults Referent - -
Children and adolescents 2.86 2.29 0.21
Children under 6 4.11 2.40 0.09
Mixed ages 3.90 2.34 0.10
N/A 4.21 2.53 0.10
Mixed Mutants 0.90
Separate Referent - -
Combined 069 1.15 0.55
Excluded 0.74 1.13 0.51
N/A 0.42 1.06 0.69
Random Effects Variance Std Dev P-value
Study 8.83 2.97 < 0.01
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when examining the snapshots of resistance hotspots in
Figures 1 and 2. Areas where studies are concentrated
appear to coincide with areas where there has been a
higher reported frequency of the multiple mutant geno-
type. This may be due in part to bias in which molecu-
lar studies that show a high prevalence of mutant
genotypes are more likely to be published than those
that show little or no prevalence. Another potential
explanation is that traditional molecular studies often
complement clinical efficacy trials and are more likely to
be conducted in areas where therapeutic failure rates are
high and there is greater interest in the role resistance
mechanisms may be playing.
This meta-analysis shows that there are some impor-
tant differences in the reported frequency of the dhfr tri-
ple mutant genotype and dhps double mutant genotype.
Specifically, the dhfr triple mutant genotype appears to
be found in high prevalence in areas throughout the
continent whereas the dhps double mutant genotype
only appears to be prevalent in parts of East Africa. This
observation corroborates findings published by Pearce et
al, which also illustrated high prevalence of the dhps
mutant genotype consisting of A437G, K540E in East
Africa and low prevalence in West Africa. A number of
factors such as the early emergence of the dhfr triple
mutant genotype in Africa [78], pervasive drug pressure
from the distribution of pyrimethamine salts for malaria
prophylaxis in various parts of the world [86], and
human migration patterns [87], may explain the greater
distribution of this genotype throughout the continent.
Another important difference between the dhfr triple
mutant genotype and dhps double mutant genotype is
the impact of varying reporting conventions for mixed
genotype data. This study establishes that reporting con-
ventions for mixed genotypes has a significant impact
on the reported frequency of the dhfr triple mutant gen-
otype. However, this was not observed for the reported
frequency of the dhps double mutant genotype. This
may be explained by differences in diversity for the dhfr
and dhps genotypes found in Africa. Parasite popula-
tions that have greater diversity for a particular gene (ie.
more than one genotype in high prevalence circulating
in the population) are more likely to yield mixed geno-
types than parasite populations that have a low diversity
for a particular gene. Thus, differences in the way mixed
genotypes are reported have a more pronounced effect
on the prevalence rates reported for a gene that has
greater diversity in a given population than one that
does not. It has been shown that the dhps (A437G,
K540E) mutant genotype is either ubiquitously present
or absent in most of the populations where it has been
examined [79]; therefore, polyclonal infections contain-
ing the dhps double mutant genotypes along with
another dhps mutant genotype are less likely to occur.
However, the dhfr triple mutant genotype has histori-
cally been found alongside a higher prevalence of sensi-
tive, single, and double mutant dhfr genotypes
circulating in the population [87,88]; therefore, mixed
genotypes are more likely to occur, particularly in earlier
studies before the triple mutant dhfr genotype became
fixed in the population. This phenomenon may explain
why reporting conventions for mixed genotype data was
significantly associated with the reported frequency of
the dhfr triple mutant genotype but not the dhps double
mutant genotype.
T h es p e c i f i cr e a s o n sr e s p o n s i b l ef o rt h ed i f f e r e n t i a l
impact of reporting conventions for mixed genotype
data on the reported frequency for either mutant geno-
type examined in this meta-analysis are difficult to iden-
tify and may also be an artifact of confounding variables
that were not accounted for in the statistical regression
used herein. Regardless, the fact remains that polyclonal
infections commonly occur in many of the high trans-
mission settings across Africa and the characterization
of mixed genotypes is an issue that must be addressed.
Novel methods for analyzing mixed infections [89], mul-
tivariate in vitro studies, and standardized interpretation
of existing mixed genotype data [32] have all been pro-
posed as methods to better characterize mixed geno-
types and present promising avenues for the future.
Although there are a number of differences in the distri-
bution and prevalence of the dhfr triple mutant geno-
type and dhps double mutant genotype, there are also
some similarities - The prevalence of both alleles is
increasing on average in Africa. On average, the age and
clinical status of the sampled population are not signifi-
cantly associated with the reported frequency of either
mutant genotype. This is in contrast to smaller regional
studies that have shown association between age, treat-
ment failure rate, and the prevalence of genetic markers
for resistance [90,91]. The observations from this meta-
analysis that suggest there is not a significant association
between these factors should not be seen as a contradic-
tion to more localized studies; rather, they testify to lim-
itations that are inherent in meta-analyses, particularly
in identifying regional trends. These limitations must be
specifically addressed in order to contextualize the
observations made in this study and appropriately
articulate the conclusions that can be drawn from them.
One of the major limitations in this meta-analysis was
the small number of variables that could be assessed in
the statistical models. There are a number of clinical
and epidemiological variables such as transmission,
regional drug administration policies, and target popula-
tions (ie. pregnant women, co-infections, etc.) that may
better explain the reported frequency of the dhfr triple
mutant and dhps double mutant genotypes but could
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power from limited datasets and inability to link these
data to reported frequency data where this information
was not specifically reported.
Another limiting factor that must be considered when
making statements regarding trends across the continent
is the confounding effect of space and time. The studies
reporting the frequency of the dhfr and dhps multiple
mutant genotypes included in this analysis were con-
ducted over a period of 13 years. In most cases, the data
from a particular country only spans a fraction of this
13 year period; therefore, there is a regional bias where
data from a particular year is really a reflection of cer-
tain regions, not the continent as a whole. The sample
size of studies included in the analysis may have also
contributed to regional and temporal bias since the
r e g r e s s i o n sw e r ew e i g h t e d .T h em e a ns t u d ys i z ew a s9 0
isolates for studies reporting the dhfr triple mutant gen-
otype and 85 isolates for studies reporting the dhps dou-
ble mutant genotype. However, studies examined as few
as 3 isolates and as many as 453 isolates (approximately
5% of the total number of studies had sample sizes of
fewer than 15 isolates). Since studies that have small
sample sizes are more likely to be skewed by rare events
[92], and these smaller studies tend to occur in more
remote areas, this means that remote areas may not be
as accurately represented by reported frequency data. In
light of these factors, it is more appropriate to consider
the data conveyed by the maps and regressions as snap-
shots of cumulative mutant genotype data rather than a
description of mutant genotype frequency at any specific
point in space or time.
Finally, accessibility to studies and the interpretation
of data from included studies that use different report-
ing conventions represented noteworthy sources of bias
and error, respectively. The literature search in this
study was limited to the Pubmed database and Cochrane
Library. Molecular studies that were not available
through these sources are not reported. Studies that
were included still required a level of interpretation due
to differences in methodological and reporting conven-
tions; some of which were specifically examined in this
meta-analysis. However, many of these aspects simply
could not be addressed within the scope this study.
Since there is no established format for the collection
and dissemination of molecular data, there was difficulty
in determining if molecular data for the same samples
was published multiple times in different articles. Efforts
were made to filter out articles that reported data from
isolates that were already described in a different article;
however, there was uncertainty for some articles and it
is possible that molecular data for some isolates were
reported twice and others were excluded unnecessarily.
Conclusion
This database, despite its limitations, provides a centra-
lized source for information describing the frequency of
mutant dhfr and dhps genotypes in Africa that are
known to confer anti-folate resistance. These data col-
lectively show that the dhfr triple mutant genotype con-
sisting of (N51I, C59R, S108N) is fixed in several parts
of Africa and has been increasing, on average, over the
time period from 1993 to 2006. The dhps double
mutant genotype consisting of (A437G and K540E) also
increased in prevalence, on average, during the same
time period. However, this genotype appears to only be
fixed in parts of East Africa while its prevalence in West
Africa remains low. Continued drug pressure with SP
may contribute to further selection of quadruple dhfr
mutant genotypes and triple dhps mutant genotypes in
Africa; similar to what has been observed in Asia and
South America. The increasing prevalence and fixation
of these mutant genotypes has historically been asso-
ciated with a loss of anti-folate drug efficacy and may
pose a threat to settings in Africa where anti-folates are
still used to treat clinical malaria.
SP is currently used in sub-Saharan Africa for IPTp.
In this context, the drug is used to clear P. falciparum
infection in women with acquired immunity and usually
low density asymptomatic parasitaemia. Thus, the treat-
ment efficacy of SP for clinical malaria in young chil-
dren cannot be directly extrapolated to its usefulness for
IPTp [93]. However, a recent study by Harrington et al.
[94] in Muheza, Tanzania shows that IPTp was asso-
ciated with increased parasitemia and a higher degree of
placental inflammation. The study also demonstrates
selection of the resistance allele at dhps codon 581 in
women receiving IPTp. In a subsequent study involving
young children from Tanzania, emergence of triple
mutant dhps allele with mutations in codons 437, 540
and 581 has been confirmed and this coincided with the
high rate of therapeutic failure [95]. In the same report,
preliminary data reporting the spread of parasites with
dhps mutation at codon 581 to other parts of Africa has
been presented. These findings suggest that the spread
of the highly resistant triple mutant dhps allele along
with triple/quadruple mutant dhfr alleles in different
parts of Africa could further compromise the effective-
ness of SP for the treatment of falciparum malaria and
may have implications for IPTp. Therefore, systematic
molecular surveillance studies coupled with assessment
of drug effectiveness, including in pregnant women
receiving IPTp, will be critical in the future to correlate
molecular surveillance data with SP efficacy.
A continuation of efforts to conduct systematic mole-
cular surveillance will further provide valuable informa-
tion needed to construct future iterations of resistant
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Page 18 of 22genotype maps and databases; however, standardized
methodology and reporting conventions are critical to
improve the resolution and statistical power of centra-
lized information systems. Challenges confronted during
this meta-analysis suggest that patient specific data,
standardized characterization of mixed genotypes, more
specific date and locality descriptions, and better design
and distribution of molecular studies are all critical
objectives that must be pursued in order to fulfill the
vision of the centralized resistance network proposed by
WWARN.
Additional material
Additional file 1: Mutant Allele Frequency (MAF) Database. The data
provided show the mutant allele frequency reported in each study,
organized by country in alphabetical order
Additional file 2: Mutant Genotype Frequency (MGF) Database. The
data provided show the mutant genotype frequency reported in each
study, organized by country in alphabetical order
Additional file 3: Article Database. The data provided reference each
article from which frequency data are extracted, organized by study
identification number
Acknowledgements
The database assembled here was made possible through valuable
contributions made by a large number of scientists and professionals in the
malaria research community. The work of these individuals is highlighted in
Additional File 3.
We specifically thank Jeff Henry and the Geospatial Research, Analysis, and
Services Program (GRASP) team (Division of Health Studies, National Center
for Environmental Health, CDC/ATSDR) and Allen Hightower (Division of
Parasitic Diseases, Center for Global Health, CDC) for their critical input and
support in the development of the resistant genotype frequency maps. We
also thank Alex Rowe and Larry Slutsker (Division of Parasitic Diseases and
Malaria, Center for Global Health, CDC) for comments and edits to drafts of
this manuscript. SS and LMS were supported by the Association of Public
Health Laboratories, Silver Spring, MD, USA through the Emerging Infectious
Disease Fellowship program. SS and SKM received additional support
through the Atlanta Research and Education Foundation, VAMC, Atlanta.
Funding from the CDC Antimicrobial Resistance Working Group is also
acknowledged.
The findings and conclusions in this article are those of the authors and do
not necessarily represent the views of the United States Centers for Disease
Control & Prevention.
Author details
1Malaria Branch, Division of Parasitic Diseases and Malaria, Center for Global
Health, Centers for Disease Control and Prevention, 1600 Clifton road NE,
Mail Stop D-67 Atlanta, GA, 30333, USA.
2Atlanta Research and Education
Foundation, VAMC, Atlanta, GA 30033, USA.
Authors’ contributions
VU and JWB conceived the original format and objectives of the meta-
analysis. KMH produced an initial version of the database and genotype
frequency maps. LMS and SS developed search criteria, data extraction
methods, and tabular design. SS extracted and compiled the frequency data
examined in the meta-analysis. SKM performed all statistical analyses and
worked with SS and VU to write the first draft of the manuscript. All authors
have read and approved the final draft of the manuscript.
Competing interests
The authors declare that they have no competing interests
Received: 1 April 2010 Accepted: 30 August 2010
Published: 30 August 2010
References
1. Centers for Disease Control and Prevention. [http://www.cdc.gov/Malaria/
history/index.htm].
2. Bulletin of the World Health Organization. 2008, 86(2):81-160[http://
www.who.int/bulletin/volumes/86/2/07-050633/en/index.html].
3. President’s Malaria Initiative: Strategic plan. [http://www.fightingmalaria.
gov/resources/reports/strategic_plan.pdf].
4. President’s Malaria Initiative (PMI). [http://www.fightingmalaria.gov/about/
index.html].
5. Moore DV, Lanier JE: Observations on two Plasmodium falciparum
infections with an abnormal response to chloroquine. Am J Trop Med
Hyg 1961, 10:5-9.
6. Young MD, Moore DV: Chloroquine resistance in Plasmodium falciparum.
Am J Trop Med Hyg 1961, 10:317-320.
7. Harinasuta T, Suntharasamai P, Viravan C: Chloroquine-resistant falciparum
malaria in Thailand. Lancet 1965, 2:657-660.
8. Clyde DF: Recent trends in the epidemiology and control of malaria.
Epidemiol Rev 1987, 9:219-243.
9. Wongsrichanalai C, Pickard AL, Wernsdorfer WH, Meshnick SR:
Epidemiology of drug-resistant malaria. Lancet Infect Dis 2002, 2:209-218.
10. Bjorkman A, Phillips-Howard PA: The epidemiology of drug-resistant
malaria. Trans R Soc Trop Med Hyg 1990, 84:177-180.
11. Price RN, Dorsey G, Ashley EA, Barnes KI, Baird JK, d’Alessandro U, Guerin PJ,
Laufer MK, Naidoo I, Nosten F, et al: World Antimalarial Resistance
Network I: clinical efficacy of antimalarial drugs. Malar J 2007, 6:119.
12. Djimde A, Doumbo OK, Cortese JF, Kayentao K, Doumbo S, Diourte Y,
Dicko A, Su XZ, Nomura T, Fidock DA, Wellems TE, Plowe CV, Coulibaly D: A
molecular marker for chloroquine-resistant falciparum malaria. NE n g lJ
Med 2001, 344:257-263.
13. Okonkwo PO, Akpala CO, Okafor HU, Mbah AU, Nwaiwu O: Compliance to
correct dose of chloroquine in uncomplicated malaria correlates with
improvement in the condition of rural Nigerian children. Trans R Soc Trop
Med Hyg 2001, 95:320-324.
14. Fillol F, Sarr JB, Boulanger D, Cisse B, Sokhna C, Riveau G, Simondon KB,
Remoue F: Impact of child malnutrition on the specific anti-Plasmodium
falciparum antibody response. Malar J 2009, 8:116.
15. White NJ: Why is it that antimalarial drug treatments do not always
work? Ann Trop Med Parasitol 1998, 92:449-458.
16. Simpson JA, Aarons L, Collins WE, Jeffery GM, White NJ: Population
dynamics of untreated Plasmodium falciparum malaria within the adult
human host during the expansion phase of the infection. Parasitology
2002, 124:247-263.
17. Gregson A, Plowe CV: Mechanisms of resistance of malaria parasites to
antifolates. Pharmacol Rev 2005, 57:117-145.
18. Cowman AF, Morry MJ, Biggs BA, Cross GA, Foote SJ: Amino acid changes
linked to pyrimethamine resistance in the dihydrofolate reductase-
thymidylate synthase gene of Plasmodium falciparum. Proc Natl Acad Sci
USA 1988, 85:9109-9113.
19. Foote SJ, Galatis D, Cowman AF: Amino acids in the dihydrofolate
reductase-thymidylate synthase gene of Plasmodium falciparum involved
in cycloguanil resistance differ from those involved in pyrimethamine
resistance. Proc Natl Acad Sci USA 1990, 87:3014-3017.
20. Peterson DS, Milhous WK, Wellems TE: Molecular basis of differential
resistance to cycloguanil and pyrimethamine in Plasmodium falciparum
malaria. Proc Natl Acad Sci USA 1990, 87:3018-3022.
21. Peterson DS, Walliker D, Wellems TE: Evidence that a point mutation in
dihydrofolate reductase-thymidylate synthase confers resistance to
pyrimethamine in falciparum malaria. Proc Natl Acad Sci USA 1988,
85:9114-9118.
22. Sidhu AB, Verdier-Pinard D, Fidock DA: Chloroquine resistance in
Plasmodium falciparum malaria parasites conferred by pfcrt mutations.
Science 2002, 298:210-213.
23. Sirawaraporn W, Sirawaraporn R, Cowman AF, Yuthavong Y, Santi DV:
Heterologous expression of active thymidylate synthase-dihydrofolate
reductase from Plasmodium falciparum. Biochemistry 1990,
29:10779-10785.
24. Zolg JW, Plitt JR, Chen GX, Palmer S: Point mutations in the dihydrofolate
reductase-thymidylate synthase gene as the molecular basis for
Sridaran et al. Malaria Journal 2010, 9:247
http://www.malariajournal.com/content/9/1/247
Page 19 of 22pyrimethamine resistance in Plasmodium falciparum. Mol Biochem
Parasitol 1989, 36:253-262.
25. Djimde AA, Dolo A, Ouattara A, Diakite S, Plowe CV, Doumbo OK:
Molecular diagnosis of resistance to antimalarial drugs during epidemics
and in war zones. J Infect Dis 2004, 190:853-855.
26. Bacon DJ, Jambou R, Fandeur T, Le Bras J, Wongsrichanalai C, Fukuda MM,
Ringwald P, Sibley CH, Kyle DE: World Antimalarial Resistance Network
(WARN) II: in vitro antimalarial drug susceptibility. Malar J 2007, 6:120.
27. Barnes KI, Lindegardh N, Ogundahunsi O, Olliaro P, Plowe CV,
Randrianarivelojosia M, Gbotosho GO, Watkins WM, Sibley CH, White NJ:
World Antimalarial Resistance Network (WARN) IV: clinical
pharmacology. Malar J 2007, 6:122.
28. Plowe CV, Roper C, Barnwell JW, Happi CT, Joshi HH, Mbacham W,
Meshnick SR, Mugittu K, Naidoo I, Price RN, Shafer RW, Sibley CH,
Sutherland CJ, Zimmerman PA, Rosenthal PJ: World Antimalarial
Resistance Network (WARN) III: molecular markers for drug resistant
malaria. Malar J 2007, 6:121.
29. London School of Tropical Medicine and Hygiene: Drug Resistance
Maps. [http://drugresistancemaps.org/].
30. Picot S, Olliaro P, de Monbrison F, Bienvenu AL, Price RN, Ringwald P: A
systematic review and meta-analysis of evidence for correlation
between molecular markers of parasite resistance and treatment
outcome in falciparum malaria. Malar J 2009, 8:89.
31. Plowe CV: Monitoring antimalarial drug resistance: making the most of
the tools at hand. J Exp Biol 2003, 206:3745-3752.
32. Kublin JG, Dzinjalamala FK, Kamwendo DD, Malkin EM, Cortese JF,
Martino LM, Mukadam RA, Rogerson SJ, Lescano AG, Molyneux ME,
Winstanley PA, Chimpeni P, Taylor TE, Plowe CV: Molecular markers for
failure of sulfadoxine-pyrimethamine and chlorproguanil-dapsone
treatment of Plasmodium falciparum malaria. J Infect Dis 2002,
185:380-388.
33. Warsame M, Atta H, Klena JD, Waqar BA, Elmi HH, Jibril AM, Hassan HM,
Hassan AM: Efficacy of monotherapies and artesunate-based
combination therapies in children with uncomplicated malaria in
Somalia. Acta Trop 2009, 109:146-151.
34. Karunajeewa HA, Mueller I, Senn M, Lin E, Law I, Gomorrai PS, Oa O,
Griffin S, Kotab K, Suano P, Tarongka N, Ura A, Lautu D, Page-Sharp M,
Wong R, Salman S, Siba P, Ilett KF, Davis TM: A trial of combination
antimalarial therapies in children from Papua New Guinea. N Engl J Med
2008, 359:2545-2557.
35. Rogerson SJ, Chaluluka E, Kanjala M, Mkundika P, Mhango C, Molyneux ME:
Intermittent sulfadoxine-pyrimethamine in pregnancy: effectiveness
against malaria morbidity in Blantyre, Malawi, in 1997-99. Trans R Soc
Trop Med Hyg 2000, 94:549-553.
36. Aponte JJ, Schellenberg D, Egan A, Breckenridge A, Carneiro I, Critchley J,
Danquah I, Dodoo A, Kobbe R, Lell B, May J, Premji Z, Sanz S, Sevene E,
Soulaymani-Becheikh R, Winstanley P, Adjei S, Anemana S,
Chandramohan D, Issifou S, Mockenhaupt F, Owusu-Agyei S, Greenwood B,
Grobusch MP, Kremsner PG, Macete E, Mshinda H, Newman RD, Slutsker L,
Tanner M, Alonso P, Menendez C: Efficacy and safety of intermittent
preventive treatment with sulfadoxine-pyrimethamine for malaria in
African infants: a pooled analysis of six randomised, placebo-controlled
trials. Lancet 2009, 374:1533-1542.
37. Mockenhaupt FP, Reither K, Zanger P, Roepcke F, Danquah I, Saad E,
Ziniel P, Dzisi SY, Frempong M, Agana-Nsiire P, Amoo-Sakyi F,
Otchwemah R, Cramer JP, Anemana SD, Dietz E, Bienzle U: Intermittent
preventive treatment in infants as a means of malaria control: a
randomized, double-blind, placebo-controlled trial in northern Ghana.
Antimicrob Agents Chemother 2007, 51:3273-3281.
38. Wiktor SZ, Sassan-Morokro M, Grant AD, Abouya L, Karon JM, Maurice C,
Djomand G, Ackah A, Domoua K, Kadio A, Yapi A, Combe P, Tossou O,
Roels TH, Lackritz EM, Coulibaly D, De Cock KM, Coulibaly IM, Greenberg AE:
Efficacy of trimethoprim-sulphamethoxazole prophylaxis to decrease
morbidity and mortality in HIV-1-infected patients with tuberculosis in
Abidjan, Cote d’Ivoire: a randomised controlled trial. Lancet 1999,
353:1469-1475.
39. Brumfitt W, Hamilton-Miller JM: Limitations of and indications for the use
of co-trimoxazole. J Chemother 1994, 6:3-11.
40. Hamel MJ, Greene C, Chiller T, Ouma P, Polyak C, Otieno K, Williamson J,
Shi YP, Feikin DR, Marston B, Brooks JT, Poe A, Zhou Z, Ochieng B, Mintz E,
Slutsker L: Does cotrimoxazole prophylaxis for the prevention of HIV-
associated opportunistic infections select for resistant pathogens in
Kenyan adults? Am J Trop Med Hyg 2008, 79:320-330.
41. Nzila-Mounda A, Mberu EK, Sibley CH, Plowe CV, Winstanley PA,
Watkins WM: Kenyan Plasmodium falciparum field isolates: correlation
between pyrimethamine and chlorcycloguanil activity in vitro and point
mutations in the dihydrofolate reductase domain. Antimicrob Agents
Chemother 1998, 42:164-169.
42. Curtis J, Duraisingh MT, Warhurst DC: In vivo selection for a specific
genotype of dihydropteroate synthetase of Plasmodium falciparum by
pyrimethamine-sulfadoxine but not chlorproguanil-dapsone treatment. J
Infect Dis 1998, 177:1429-1433.
43. Maxwell CA, Myamba J, Njunwa KJ, Greenwood BM, Curtis CF: Comparison
of bednets impregnated with different pyrethroids for their impact on
mosquitoes and on re-infection with malaria after clearance of pre-
existing infections with chlorproguanil-dapsone. Trans R Soc Trop Med
Hyg 1999, 93:4-11.
44. Keuter M, van Eijk A, Hoogstrate M, Raasveld M, van de Ree M,
Ngwawe WA, Watkins WM, Were JB, Brandling-Bennett AD: Comparison of
chloroquine, pyrimethamine and sulfadoxine, and chlorproguanil and
dapsone as treatment for falciparum malaria in pregnant and non-
pregnant women, Kakamega District, Kenya. Bmj 1990, 301:466-470.
45. Triglia T, Menting JG, Wilson C, Cowman AF: Mutations in dihydropteroate
synthase are responsible for sulfone and sulfonamide resistance in
Plasmodium falciparum. Proc Natl Acad Sci USA 1997, 94:13944-13949.
46. Dieckmann A, Jung A: The mechanism of pyrimethamine resistance in
Plasmodium falciparum. Parasitology 1986, 93(Pt 2):275-278.
47. Triglia T, Cowman AF: The mechanism of resistance to sulfa drugs in
Plasmodium falciparum. Drug Resist Updat 1999, 2:15-19.
48. Dieckmann A, Jung A: Mechanisms of sulfadoxine resistance in
Plasmodium falciparum. Mol Biochem Parasitol 1986, 19:143-147.
49. Ferone R: Folate metabolism in malaria. Bull World Health Organ 1977,
55:291-298.
50. Sibley CH, Hyde JE, Sims PF, Plowe CV, Kublin JG, Mberu EK, Cowman AF,
Winstanley PA, Watkins WM, Nzila AM: Pyrimethamine-sulfadoxine
resistance in Plasmodium falciparum: what next? Trends Parasitol 2001,
17:582-588.
51. Reeder JC, Rieckmann KH, Genton B, Lorry K, Wines B, Cowman AF: Point
mutations in the dihydrofolate reductase and dihydropteroate
synthetase genes and in vitro susceptibility to pyrimethamine and
cycloguanil of Plasmodium falciparum isolates from Papua New Guinea.
Am J Trop Med Hyg 1996, 55:209-213.
52. Basco LK, Eldin de Pecoulas P, Wilson CM, Le Bras J, Mazabraud A: Point
mutations in the dihydrofolate reductase-thymidylate synthase gene
and pyrimethamine and cycloguanil resistance in Plasmodium
falciparum. Mol Biochem Parasitol 1995, 69:135-138.
53. Contreras CE, Cortese JF, Caraballo A, Plowe CV: Genetics of drug-resistant
Plasmodium falciparum malaria in the Venezuelan state of Bolivar. Am J
Trop Med Hyg 2002, 67:400-405.
54. Cortese JF, Plowe CV: Antifolate resistance due to new and known
Plasmodium falciparum dihydrofolate reductase mutations expressed in
yeast. Mol Biochem Parasitol 1998, 94:205-214.
55. Khalil I, Ronn AM, Alifrangis M, Gabar HA, Satti GM, Bygbjerg IC:
Dihydrofolate reductase and dihydropteroate synthase genotypes
associated with in vitro resistance of Plasmodium falciparum to
pyrimethamine, trimethoprim, sulfadoxine, and sulfamethoxazole. Am J
Trop Med Hyg 2003, 68:586-589.
56. Sirawaraporn W, Sathitkul T, Sirawaraporn R, Yuthavong Y, Santi DV:
Antifolate-resistant mutants of Plasmodium falciparum dihydrofolate
reductase. Proc Natl Acad Sci USA 1997, 94:1124-1129.
57. Basco LK, Tahar R, Ringwald P: Molecular basis of in vivo resistance to
sulfadoxine-pyrimethamine in African adult patients infected with
Plasmodium falciparum malaria parasites. Antimicrob Agents Chemother
1998, 42:1811-1814.
58. Happi CT, Gbotosho GO, Folarin OA, Akinboye DO, Yusuf BO, Ebong OO,
Sowunmi A, Kyle DE, Milhous W, Wirth DF, Oduola AM: Polymorphisms in
Plasmodium falciparum dhfr and dhps genes and age related in vivo
sulfadoxine-pyrimethamine resistance in malaria-infected patients from
Nigeria. Acta Trop 2005, 95:183-193.
59. Berglez J, Iliades P, Sirawaraporn W, Coloe P, Macreadie I: Analysis in
Escherichia coli of Plasmodium falciparum dihydropteroate synthase
Sridaran et al. Malaria Journal 2010, 9:247
http://www.malariajournal.com/content/9/1/247
Page 20 of 22(DHPS) alleles implicated in resistance to sulfadoxine. Int J Parasitol 2004,
34:95-100.
60. Triglia T, Wang P, Sims PF, Hyde JE, Cowman AF: Allelic exchange at the
endogenous genomic locus in Plasmodium falciparum proves the role of
dihydropteroate synthase in sulfadoxine-resistant malaria. Embo J 1998,
17:3807-3815.
61. Omar SA, Adagu IS, Warhurst DC: Can pretreatment screening for dhps
and dhfr point mutations in Plasmodium falciparum infections be used
to predict sulfadoxine-pyrimethamine treatment failure? Trans R Soc Trop
Med Hyg 2001, 95:315-319.
62. Alker AP, Kazadi WM, Kutelemeni AK, Bloland PB, Tshefu AK, Meshnick SR:
dhfr and dhps genotype and sulfadoxine-pyrimethamine treatment
failure in children with falciparum malaria in the Democratic Republic of
Congo. Trop Med Int Health 2008, 13:1384-1391.
63. Mugittu K, Ndejembi M, Malisa A, Lemnge M, Premji Z, Mwita A, Nkya W,
Kataraihya J, Abdulla S, Beck HP, Mshinda H: Therapeutic efficacy of
sulfadoxine-pyrimethamine and prevalence of resistance markers in
Tanzania prior to revision of malaria treatment policy: Plasmodium
falciparum dihydrofolate reductase and dihydropteroate synthase
mutations in monitoring in vivo resistance. Am J Trop Med Hyg 2004,
71:696-702.
64. Certain LK, Briceno M, Kiara SM, Nzila AM, Watkins WM, Sibley CH:
Characteristics of Plasmodium falciparum dhfr haplotypes that confer
pyrimethamine resistance, Kilifi, Kenya, 1987–2006. J Infect Dis 2008,
197:1743-1751.
65. Zhou Z, Poe AC, Limor J, Grady KK, Goldman I, McCollum AM, Escalante AA,
Barnwell JW, Udhayakumar V: Pyrosequencing, a high-throughput method
for detecting single nucleotide polymorphisms in the dihydrofolate
reductase and dihydropteroate synthetase genes of Plasmodium
falciparum. J Clin Microbiol 2006, 44:3900-3910.
66. Mapping Malaria Risk in Africa. [http://www.mara.org.za/].
67. Hay SI, Guerra CA, Gething PW, Patil AP, Tatem AJ, Noor AM, Kabaria CW,
Manh BH, Elyazar IR, Brooker S, Smith DL, Moyeed RA, Snow RW: A world
malaria map: Plasmodium falciparum endemicity in 2007. PLoS Med 2009,
6:e1000048.
68. Agresti A, Booth JG, Hobert JP, Caffo B: Random-Effects Modeling of
Categorical Response Data. Sociological Methodology 2000, 30:27-80.
69. Breslow NE, DG C: Approximate Inference in Generalized Linear Mixed
Models. Journal of the American Statistical Association 1993, 88:9-25.
70. Cnaan A, Laird NM, Slasor P: Using the General Linear Mixed Model to
analyse unbalanced repeated measures and longitudinal data. Statistics
in Medicine 1997, 16:2349-2380.
71. Turner RM, Omar RZ, Yang M, Goldstein H, Thompson SG: A multilevel
model framework for meta-analysis of clinical trials with binary
outcomes. Statistics in Medicine 2000, 19:3417-3432.
72. Thompson SG, Warn DE, Turner RM: Bayesian methods for analysis of
binary outcome data in cluster randomized trials on the absolute risk
scale. Statistics in Medicine 2004, 23:389-410.
73. Sutton AJ, Kendrick D, Coupland CAC: Meta-analysis of individual- and
aggregate-level data. Statistics in Medicine 2008, 27:651-669.
74. Marquardt DW, Snee RD: Ridge Regression in Practice. The American
Statistician 1975, 29:3-20.
75. Bates D: Linear mixed model implementation in lme4. University of
Wisconsin - Madison 2009, 1-32.
76. Tuerlinckx F, Rijmen F, Verbeke G, De Boeck P: Statistical inference in
generalized linear mixed models: A review. British Journal of Mathematical
and Statistical Psychology 2006, 59:225-255.
77. Myint HY, Tipmanee P, Nosten F, Day NP, Pukrittayakamee S,
Looareesuwan S, White NJ: A systematic overview of published
antimalarial drug trials. Trans R Soc Trop Med Hyg 2004, 98:73-81.
78. Talisuna AO, Bloland P, D’Alessandro U: History, dynamics, and public
health importance of malaria parasite resistance. Clin Microbiol Rev 2004,
17:235-254.
79. Pearce RJ, Pota H, Evehe MS, Ba el H, Mombo-Ngoma G, Malisa AL, Ord R,
Inojosa W, Matondo A, Diallo DA, Mbacham W, van den Broek IV,
Swarthout TD, Getachew A, Dejene S, Grobusch MP, Njie F, Dunyo S,
Kweku M, Owusu-Agyei S, Chandramohan D, Bonnet M, Guthmann JP,
Clarke S, Barnes KI, Streat E, Katokele ST, Uusiku P, Agboghoroma CO,
Elegba OY, Cissé B, A-Elbasit IE, Giha HA, Kachur SP, Lynch C, Rwakimari JB,
Chanda P, Hawela M, Sharp B, Naidoo I, Roper C: Multiple origins and
regional dispersal of resistant dhps in African Plasmodium falciparum
malaria. PLoS Med 2009, 6:e1000055.
80. Basco LK, Ndounga M, Tejiokem M, Ngane VF, Youmba JC, Ringwald P,
Soula G: Molecular epidemiology of malaria in Cameroon. XI. Geographic
distribution of Plasmodium falciparum isolates with dihydrofolate
reductase gene mutations in southern and central Cameroon. Am J Trop
Med Hyg 2002, 67:378-382.
81. Francis D, Nsobya SL, Talisuna A, Yeka A, Kamya MR, Machekano R,
Dokomajilar C, Rosenthal PJ, Dorsey G: Geographic differences in
antimalarial drug efficacy in Uganda are explained by differences in
endemicity and not by known molecular markers of drug resistance. J
Infect Dis 2006, 193:978-986.
82. Raman J, Sharp B, Kleinschmidt I, Roper C, Streat E, Kelly V, Barnes KI:
Differential effect of regional drug pressure on dihydrofolate reductase
and dihydropteroate synthetase mutations in southern Mozambique.
Am J Trop Med Hyg 2008, 78:256-261.
83. Tahar R, Basco LK: Molecular epidemiology of malaria in Cameroon. XXII.
Geographic mapping and distribution of Plasmodium falciparum
dihydrofolate reductase (dhfr) mutant alleles. Am J Trop Med Hyg 2006,
75:396-401.
84. Zhong D, Afrane Y, Githeko A, Cui L, Menge DM, Yan G: Molecular
epidemiology of drug-resistant malaria in western Kenya highlands. BMC
Infect Dis 2008, 8:105.
85. Alifrangis M, Lemnge MM, Ronn AM, Segeja MD, Magesa SM, Khalil IF,
Bygbjerg IC: Increasing prevalence of wildtypes in the dihydrofolate
reductase gene of Plasmodium falciparum in an area with high levels of
sulfadoxine/pyrimethamine resistance after introduction of treated bed
nets. Am J Trop Med Hyg 2003, 69:238-243.
86. Mita T, Tanabe K, Takahashi N, Tsukahara T, Eto H, Dysoley L, Ohmae H,
Kita K, Krudsood S, Looareesuwan S, Kaneko A, Björkman A, Kobayakawa T:
Independent evolution of pyrimethamine resistance in Plasmodium
falciparum isolates in Melanesia. Antimicrob Agents Chemother 2007,
51:1071-1077.
87. Pearce R, Malisa A, Kachur SP, Barnes K, Sharp B, Roper C: Reduced
variation around drug-resistant dhfr alleles in African Plasmodium
falciparum. Mol Biol Evol 2005, 22:1834-1844.
88. McCollum AM, Poe AC, Hamel M, Huber C, Zhou Z, Shi YP, Ouma P,
Vulule J, Bloland P, Slutsker L, Barnwell JW, Udhayakumar V, Escalante AA:
Antifolate resistance in Plasmodium falciparum: multiple origins and
identification of novel dhfr alleles. J Infect Dis 2006, 194:189-197.
89. Certain LK, Sibley CH: Plasmodium falciparum: a novel method for
analyzing haplotypes in mixed infections. Exp Parasitol 2007, 115:233-241.
90. Djimde A, Doumbo OK, Steketee RW, Plowe CV: Application of a molecular
marker for surveillance of chloroquine-resistant falciparum malaria.
Lancet 2001, 358:890-891.
91. Djimde AA, Doumbo OK, Traore O, Guindo AB, Kayentao K, Diourte Y,
Niare-Doumbo S, Coulibaly D, Kone AK, Cissoko Y, Tekete M, Fofana B,
Dicko A, Diallo DA, Wellems TE, Kwiatkowski D, Plowe CV: Clearance of
drug-resistant parasites as a model for protective immunity in
Plasmodium falciparum malaria. Am J Trop Med Hyg 2003, 69:558-563.
92. Jovani R, Tella JL: Parasite prevalence and sample size: misconceptions
and solutions. Trends Parasitol 2006, 22:214-218.
93. ter Kuile FO, van Eijk AM, Filler SJ: Effect of sulfadoxine-pyrimethamine
resistance on the efficacy of intermittent preventive therapy for malaria
control during pregnancy: a systematic review. Jama 2007,
297:2603-2616.
94. Harrington WE, Mutabingwa TK, Muehlenbachs A, Sorensen B, Bolla MC,
Fried M, Duffy PE: Competitive facilitation of drug-resistant Plasmodium
falciparum malaria parasites in pregnant women who receive preventive
treatment. Proc Natl Acad Sci USA 2009, 106:9027-9032.
95. Gesase S, Gosling RD, Hashim R, Ord R, Naidoo I, Madebe R, Mosha JF,
Joho A, Mandia V, Mrema H, Mapunda E, Savael Z, Lemnge M, Mosha FW,
Greenwood B, Roper C, Chandramohan D: High resistance of Plasmodium
falciparum to sulphadoxine/pyrimethamine in northern Tanzania and
the emergence of dhps resistance mutation at Codon 581. PLoS One
2009, 4:e4569.
96. Cortese JF, Caraballo A, Contreras CE, Plowe CV: Origin and dissemination
of Plasmodium falciparum drug-resistance mutations in South America.
J Infect Dis 2002, 186:999-1006.
Sridaran et al. Malaria Journal 2010, 9:247
http://www.malariajournal.com/content/9/1/247
Page 21 of 2297. Zhou Z, Griffing SM, de Oliveira AM, McCollum AM, Quezada WM,
Arrospide N, Escalante AA, Udhayakumar V: Decline in sulfadoxine-
pyrimethamine-resistant alleles after change in drug policy in the
Amazon region of Peru. Antimicrob Agents Chemother 2008, 52:739-741.
98. Bacon DJ, Tang D, Salas C, Roncal N, Lucas C, Gerena L, Tapia L, Llanos-
Cuentas AA, Garcia C, Solari L, Kyle D, Magill AJ: Effects of point mutations
in Plasmodium falciparum dihydrofolate reductase and dihydropterate
synthase genes on clinical outcomes and in vitro susceptibility to
sulfadoxine and pyrimethamine. PLoS One 2009, 4:e6762.
99. Masimirembwa CM, Phuong-dung N, Phuc BQ, Duc-Dao L, Sy ND, Skold O,
Swedberg G: Molecular epidemiology of Plasmodium falciparum
antifolate resistance in Vietnam: genotyping for resistance variants of
dihydropteroate synthase and dihydrofolate reductase. Int J Antimicrob
Agents 1999, 12:203-211.
100. Nagesha HS, Din S, Casey GJ, Susanti AI, Fryauff DJ, Reeder JC, Cowman AF:
Mutations in the pfmdr1, dhfr and dhps genes of Plasmodium
falciparum are associated with in-vivo drug resistance in West Papua,
Indonesia. Trans R Soc Trop Med Hyg 2001, 95:43-49.
101. McCollum AM, Basco LK, Tahar R, Udhayakumar V, Escalante AA:
Hitchhiking and selective sweeps of Plasmodium falciparum sulfadoxine
and pyrimethamine resistance alleles in a population from central Africa.
Antimicrob Agents Chemother 2008, 52:4089-4097.
102. Urdaneta L, Plowe C, Goldman I, Lal AA: Point mutations in dihydrofolate
reductase and dihydropteroate synthase genes of Plasmodium
falciparum isolates from Venezuela. Am J Trop Med Hyg 1999, 61:457-462.
103. McCollum AM, Mueller K, Villegas L, Udhayakumar V, Escalante AA:
Common origin and fixation of Plasmodium falciparum dhfr and dhps
mutations associated with sulfadoxine-pyrimethamine resistance in a
low-transmission area in South America. Antimicrob Agents Chemother
2007, 51:2085-2091.
104. Khim N, Bouchier C, Ekala MT, Incardona S, Lim P, Legrand E, Jambou R,
Doung S, Puijalon OM, Fandeur T: Countrywide survey shows very high
prevalence of Plasmodium falciparum multilocus resistance genotypes in
Cambodia. Antimicrob Agents Chemother 2005, 49:3147-3152.
105. van den Broek IV, van der Wardt S, Talukder L, Chakma S, Brockman A,
Nair S, Anderson TC: Drug resistance in Plasmodium falciparum from the
Chittagong Hill Tracts, Bangladesh. Trop Med Int Health 2004, 9:680-687.
doi:10.1186/1475-2875-9-247
Cite this article as: Sridaran et al.: Anti-folate drug resistance in Africa:
meta-analysis of reported dihydrofolate reductase (dhfr) and
dihydropteroate synthase (dhps) mutant genotype frequencies in
African Plasmodium falciparum parasite populations. Malaria Journal
2010 9:247.
Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
Sridaran et al. Malaria Journal 2010, 9:247
http://www.malariajournal.com/content/9/1/247
Page 22 of 22